ABSTRACT This paper presents first results from a model for chemical evolution that can be applied to N-body cosmological simulations and quantitatively compared to measured stellar abundances from large astronomical surveys. This model convolves the chemical yield sets from a range of stellar nucleosynthesis calculations (including AGB stars, Type Ia and II supernovae, and stellar wind models) with a user-specified stellar initial mass function (IMF) and metallicity to calculate the time-dependent chemical evolution model for a "simple stellar population" of uniform metallicity and formation time. These simple stellar population models are combined with a semi-analytic model for galaxy formation and evolution that uses merger trees from N-body cosmological simulations to track several α-and iron-peak elements for the stellar and multiphase interstellar medium components of several thousand galaxies in the early (z ≥ 10) universe. The simulated galaxy population is then quantitatively compared to two complementary datasets of abundances in the Milky Way stellar halo, and is capable of reproducing many of the observed abundance trends. The observed [Mg/Fe] and [C/Fe] abundance ratio distributions are qualitatively well matched by our model, and the observational data is best reproduced with either a Salpeter or Kroupa IMF. Several other observed abundances are qualitatively less well-matched, and favor a Chabrier IMF and a higher chemically enriched star formation efficiency than [Mg/Fe] and [C/Fe]. Our model fails to reproduce Ca in a degree far greater than any other abundance disagreement, suggesting possible issues with the Ca yields from stellar evolution models.
1. INTRODUCTION The process by which the chemical complexity in the universe was built up, from the primordial products of Big Bang nucleosynthesis to the current proliferation of elements, is an enduring question in astrophysics. The general picture is well understood, with Population III stars initiating chemical enrichment by expelling nucleosynthetic products into the surrounding interstellar medium (ISM), which is then subsequently incorporated into later, metal-enriched generations of stars. This cycle of star formation, chemical enrichment within stars, and return of enriched gas to the ISM forms the foundation of galactic chemical evolution models. We investigate the evolution of high-redshift galaxies by building upon this basic model and connecting the nucleosynthetic yields of stellar evolution models and star formation in a cosmological context with the large-scale sets of stellar abundances observed today.
The success of ΛCDM cosmology argues for the scenario of hierarchical structure formation, with small gravitationallybound halos repeatedly merging together to create ever-larger bound structures. The Milky Way is the result of the smaller structures that have merged; its chemical and kinetic structure encodes the history of everything that merged to form it (Feltzing & Chiba 2013) . If the most metal-poor stars preserve a record of the chemical abundances of their environment at the time of their formation (Freeman & BlandHawthorn 2002; Beers & Christlieb 2005) , study of the oldest, most-metal poor stars in the Milky Way, a practice termed "Galactic Archaeology," can provide insight into the nature of the first stars and the evolution of high-redshift galaxies.
Observation of metal-poor stars in the Milky Way is complementary to the direct study of high-redshift galaxy forma-tion. Observations of high-redshift structure has progressed to the point of observing objects at z ∼ 10, providing a direct view of these early galaxies. These impressive observations are nevertheless limited by the difficulties inherent in observing a very faint structure and deducing its characteristics. Observations of the most metal-poor stars in the Milky Way carries a different set of advantages and disadvantages. Spectroscopic observations of individual stars allow for precision determinations of abundances in a manner that highredshift observations cannot accomplish, giving crucial insights into the stellar populations that preceded that star's formation. These observations are limited by the fact that most details of the galaxy in which they form are lost during the merger process. Analysis of the stellar halo of the Milky Way in kinematic phase space has made strides in finding stellar streams and populations from disrupted and merging structures (Feltzing & Chiba 2013; Ivezić et al. 2012) , but the long and complicated process of mergers that built the Milky Way has inevitably wiped away a large amount of this information.
We have created a model that bridges these physical and temporal scales, connecting stellar nucleosynthetic yields at high redshift to the elemental abundance patterns we currently observe in the Milky Way's oldest stellar populations. To accomplish this we begin by developing a semi-analytic model for star formation in cosmological simulations. We include the products of stellar nucleosynthesis within this model, and use this addition to follow the buildup of various elements as stars form, evolve, and die, as halos merge, and as diverse stellar populations are mixed. We model each halo as multiple zones of gas and stars, and stellar populations of different ages rather than a single simple stellar population. The stars formed in our model are similar to those currently in the Milky Way halo and dwarf galaxy populations. By comparing the abundance patterns of our model with these observed stellar populations we can gain insight into the formation environment and history of these metal-poor stars.
This model presents a powerful new framework for interpreting observations. Stellar evolution and nucleosynthesis models are constantly improving, leading to a better understanding of the chemical and kinetic feedback from stellar populations. Computing power continues to grow, enabling simulations with greater dynamic range in both spatial and mass resolution, and enabling the investigation of larger cosmological volumes while preserving or improving spatial and temporal resolution. Current and future observational surveys provide a wealth of stellar elemental abundance data. The interpretation of these data will require a model that incorporates as many relevant physical processes as possible while still maintaining computational efficiency. We are currently able to compare to observational data from SEGUE (Yanny et al. 2009 ) and the high-resolution stellar abundance measurements collected by Frebel (Frebel 2010) . We make quantitative comparisons between our model and observations, allowing for constraints on model parameters such as the nature of the stellar initial mass function, the efficiency with which gas forms stars, and the accuracy of theoretical stellar yields. Ongoing and future observational campaigns such as LAMOST (Deng et al. 2012) , APOGEE (Allende Prieto et al. 2008) , Gaia-ESO (Gilmore et al. 2012) , GALAH 1 (Zucker et al. 2012) , and Gaia (Pancino 2012) , will provide vast quantities of data enabling a robust statistical comparison between model parameters and observations, bolstering 1 http://www.mso.anu.edu.au/galah/home.html our understanding of high-redshift star formation and feedback along with the nature of galactic chemical evolution in the paradigm of hierarchical structure formation. This is the second paper in a series. In Crosby et al. (2013) (hereafter Paper I), we presented a semi-analytic model for calculating the star formation history of all halos in a cosmological simulation across the full temporal extent of the simulation, thus allowing us to identify halos where Population III or metal-enriched star formation are taking place. This paper investigates the chemical evolution of a population of highredshift galaxies through the use of a semi-analytic chemical enrichment model that was built on top of the model described in Paper I. Synthetic stellar populations are created for every halo in the simulation, and a stellar feedback model is implemented to connect the evolution of the stellar population to the ongoing star formation in each halo. With this model, chemical evolution histories for the stellar and gaseous components of all of the star-forming halos in the simulation are created, and can then be compared directly to observations of metal-poor stars. The outline of this paper is as follow: A brief review of the simulations used, the star formation model, and the chemical evolution model are given in Section 2. Our results are presented in Section 3, and compared to observational data and other theoretical work in Section 4, where we also include a discussion of the limitations of this study. Finally, we present a summary of our conclusions in Section 5.
MODEL DESCRIPTION

Overview
The model employed in this work is an extension and modification of the star formation model presented in Paper I (i.e., Crosby et al. 2013) . This model tracks the chemical evolution of halos across time by following 10 chemical species: H, C, N, O, Mg, Ca, Ti, Fe, Co, and Zn, in both the stellar and interstellar medium (ISM) components of every halo. A more detailed treatment of the ISM than was implemented in Paper I is required to accurately model the star formation and feedback processes. Paper I treated the gas and metal quantities in a halo as a single zone, in which material from accretion and stellar feedback was mixed instantaneously throughout the entire halo, which does not accurately reflect the dispersal and recycling of material between the ISM and the stellar population. The ISM is now treated as a multiphase gas with a central region of dense, cold gas that is capable of forming stars and a hot, diffuse region exterior to the star-forming central region that is incapable of forming stars. This two-phase medium provides a simple framework in which to investigate the bulk properties of the ISM in halos (Cox 2005) . Throughout the remainder of this paper, this exterior region of warm, diffuse gas will be referred to as the "reservoir" of the halo, and the cold, dense, star-forming region will be referred to as the "central" region. Gas and chemical species are moved between these two ISM regions and the stellar component in each halo. Material accreted from the intergalactic medium is deposited in the reservoir, and gas in the reservoir can cool and transition to the central region. Gas in the central region is available to condense and form stars, and feedback from the stellar population returns enriched material to this region. Kinetic feedback from supernovae (SNe) will move enriched material from the stellar population to the central region, as well as to the reservoir. If the feedback from SNe is sufficiently powerful, it will eject material to the intergalactic medium (IGM), permanently removing it from the halo.
The Population III star formation model used in this work is presented in Paper I, and only a brief summary is given here. The interested in reader is encouraged to see Crosby et al. (2013) for a detailed discussion. The treatment of the multi-phase interstellar medium and chemically-enriched star formation implemented in this work discussed in Section 2.3.
A summary of the parameters of the model that were tested, their fiducial values, and the ranges investigated is given in Table 1 .
The simulations used as a basis for our model were carried out using the publicly available Enzo adaptive mesh refinement + N-body code (The Enzo Collaboration et al. 2013 , and http://enzo-project.org), and are the same simulations that were used in Paper I. Four simulations were runtwo with a comoving box size of 3.5 h −1 Mpc and two with a comoving box size of 7.0 h −1 Mpc. We used two different simulation volumes and two random realizations per chosen volume to give some idea of the impact of cosmic variance as well as mass and spatial resolution on our results. We use the WMAP 7 best-fit cosmological model (Komatsu et al. 2011) , with Ω Λ = 0.7274, Ω M = 0.2726, Ω B = 0.0456, σ 8 = 0.809, n s = 0.963, and h = 0.704 in units of 100 km s −1 Mpc −1 , with the variables having their usual definitions. All simulations are cubic and have 1024 grid cells per edge and 1024 3 dark matter particles, giving cell dimensions of 6.8 h −1 comoving kpc on a side, a dark matter particle mass of 2.86 × 10 4 M , and a mean baryonic mass per cell of 5.74 × 10 3 M for the 7.0 h −1 Mpc boxes. The 3.5 h −1 Mpc boxes have cell dimensions of 3.4 h −1 comoving kpc on a side, a dark matter particle mass of 3.57 × 10 3 M , and a mean baryonic mass per cell of 718 M .
The simulations were initialized at z = 99 using the MU-SIC cosmological initial conditions generator (Hahn & Abel 2011) , with a second-order Lagrangian perturbation theory method and separate transfer functions for dark matter and baryons. A second-order Lagrangian perturbation method is necessary to obtain converged halo mass functions at such early times and high redshifts as the start of Population III star formation (Crocce et al. 2006) . Each of the sets of initial conditions were generated using a different random seed. The simulations were run with Enzo's unigrid (non-adaptive mesh refinement) mode with adiabatic hydrodynamics, from z = 99 to z = 10. Data is output at integer redshifts until z = 14, at which point the elapsed time between integer redshifts would exceed the timescale for star formation. After z = 14, data is output every 11 Myr. The simulation is stopped at z = 10 to prevent modes on the order of the size of the simulation volume from entering the non-linear regime. We note that extensive physics (e.g., radiative cooling, star formation and feedback) is unnecessary in these simulations, as they are simply being used as the source of merger trees for our semi-analytic models.
Dark matter halos for all data outputs in the simulations were identified using the Friends-of-Friends (FOF) (Efstathiou et al. 1985) halo finder implemented in the yt analysis toolkit (Turk et al. 2011 , and http://yt-project. org), with a linking length of 0.2 times the mean interparticle spacing. Halo merger trees were then created to show the assembly history of these dark matter halos based on particle membership.
Population III Star Formation
Population III stars form in chemically-pristine halos that cool via H 2 to a temperature and density at which the core is unstable to gravitational collapse (Abel et al. 2002; O'Shea & Norman 2007 ). In our model, a halo is deemed to be capable of hosting Population III star formation if the cooling timescale is less than the local Hubble time. In the absence of a H 2 phototdissociating background, this can be cast as a minimum mass threshold that depends only on the redshift, z, M min,Hubble = 5.87 × 10 4 1 + z 31
This mass threshold will be modified in the presence of other stars, as radiation in the Lyman-Werner (LW) band (11.18-13.6 eV) is capable of photodissociating H 2 , suppressing cooling. The minimum halo mass threshold for Population III star formation in the presence of LW background radiation becomes
where J 21 is the proper LW flux. J 21 is defined from the comoving LW photon number density, n LW , in Mpc −3 , as
The effective J 21 seen by each pristine halo is modified to account for H 2 self-shielding following Wolcott-Green et al. 
Any halo that is chemically-pristine and more massive than the mass threshold for Population III star formation is assumed to form a star. The halo is tagged as chemically enriched, and it and all of its descendants are no longer capable of forming a Population III star. When a Population III star is formed, a delay time prior to the start of chemically-enriched star formation is determined based on the assumed Population III stellar lifetime, and a delay time that is scaled inversely with the halo mass that accounts for gas blown out of the halo by a Type II supernova (SNII), which is assumed to be the end of all Population III stars in this model. A full description of the Population III star formation model is presented in Paper I.
Chemically Enriched Star Formation
Any halo that contains particles that had previously been in a halo that formed stars is deemed incapable of forming a Population III star due to metal pollution, and star formation in these chemically-enriched halos is treated differently. Chemically-enriched star formation is modeled as a continuous process, as opposed to Population III star formation, which is discrete and a function of the mass of gas available in the halo (Lada et al. 2010) . We note that chemically-enriched star formation is treated somewhat differently than in Paper I. The baryons in a given halo are modeled as three interacting populations: a reservoir of gas in the outskirts of the halo that is hot and diffuse, and thus does not form stars; a mass of gas in the center of the halo that is cold, dense, and star-forming; and a mass of baryons that are currently locked up in stars. A set of three differential equations governs star formation and gas transport between the reservoir and central regions of a chemically-enriched halo,
Equation 5 governs the rate of change of the mass of gas in the reservoir, Equation 6 governs the rate of change of the mass of gas in the central region, and Equation 7 governs the star formation rate. In Equation 5, the first term represents gas that cools from the reservoir and condenses into the central region, and τ cool is the cooling time of the gas, which is calculated using the Grackle chemistry and cooling library (Smith, B.D., Kuhlen, M., & Turk, M.J., 2013, in preparation; see also http://grackle.readthedocs.org/ en/latest/). The second term represents gas ejected from the supernovae in the central region that enters the reservoir, where ∆t is the integration timestep and Λ is a factor encapsulating information about the SNe that occurred during this integration time step (see Equation 11 in Section 2.4). The third term is similar to the second, but represents gas ejected completely from the halo via supernovae. In Equation 6, the first two terms are the same as the first two terms in Equation 5 but with the opposite signs, to reflect gas cooling into the central region and gas ejected from it via supernovae, respectively. The third term models the conversion of gas in the central region into stars, where E is the dimensionless star formation efficiency and τ is the characteristic star formation time, taken to have a constant value of τ = 10 8 years. The fourth term represents gas expelled by the stars to the interstellar medium. Equation 7 is equivalent to the third term in Equation 6, and creates a mass of stars from the available gas in the central region. Equation 7 forms a mass of stars rather than individual stars, allowing for different stellar initial mass functions (IMFs) to be applied. The time interval between each simulation data output is traversed in 100 integration timesteps, advancing Equations 5-7 forward in time. The age distribution of the stellar component of each halo is tracked in 100 linearly spaced age bins, spanning the time that the first star formed in the simulation to the end of the current simulation data output. As time passes, the stellar content is advanced through the age bins, enabling each stellar age bin in every halo to be evolved as simple stellar population. Every stellar age bin returns gas and enriched material to the halo interstellar medium (ISM) at each integration timestep. Additionally, the expected number of supernovae is determined and material is ejected from the halo to the intergalactic medium (IGM). The halo ejection model is presented in Section 2.4. New stars that form in a halo are formed with a fraction of metals equal to that of the ISM at the time of formation. A complete description of the chemical evolution model is given in Section 2.5.
As halos merge between simulation data outputs, all attributes of parent halos are inherited by the child halo in proportion to the fraction of the parent halo mass that is inherited by the child halo. Child halos generally inherit either all or the majority of the baryonic content of the parent halos that merge to form it. This includes inheriting the mass of gas available to form stars in the halo, the mass of all chemical species in the ISM, the mass of all chemical species in the stellar components, and the stellar population along with its age distribution. The age distribution is remapped at each subsequent simulation data output. This remapping decreases the time resolution as the population ages, and is done to prevent excessive computational memory usage. This remapping produces a maximum stellar age bin size of 3.72 Myr, which is larger than only the smallest stellar age bin in the tabulated data of material returned to the ISM by asymptotic giant branch (AGB) stars, resulting a temporal resolution of the chemical and kinetic feedback model being limited primarily by the time resolution of the available stellar-feedback data.
Gas and Metal Ejection
The prescription for ejection of material via supernovae from a halo to the IGM is based several quantities -the number of supernovae that occurred; the mass of gas ejected to the ISM by supernovae, M ISM gas ; the mass of species Z ejected to the ISM by supernovae, M ISM Z ; and the virial parameters of the halo, specifically the mass (M vir ) and radius (r vir ).
The first step of this process is to determine the mass of gas ejected from the halo to the IGM as a result of supernovae, M lost . This is accomplished following Tumlinson (2010), by comparing the energy imparted to the halo gas by all of the supernovae that exploded during the current timestep to the kinetic energy of gas moving at the halo escape velocity, v esc .
Solving Equation 8 for M lost and using the definition of the escape velocity approximating the halo as spherical, with mass M vir and radius r vir allows for the calculation of the M lost in terms of the supernova energetics and the halo physical properties,
The energy imparted to the wind by supernovae can be parameterized as E SNe = N SNe SNe E 51 , where N SNe is the number of supernovae that occurred during the current timestep, SNe is the efficiency with which the supernova energy is converted to the kinetic energy of the gas, and E 51 is the energy of a single SN in units of 10 51 ergs. A fiducial value of SNe = 0.0015 is adopted following Tumlinson (2010), which makes the assumptions that 5% of the total supernova energy is kinetic, and that of this 3% is transferred to the ejected material. Using this parameterization along with Equation 9 allows for the calculation of M lost as
where M vir is the halo virial mass in units of M , r vir is the halo virial radius in proper Mpc, and G is the gravitational constant is in CGS units. We also define the quantity
for use in Equations 5-7 to calculate the mass of gas that is ejected via supernovae from the central region to the reservoir region, as well as out of the halo entirely.
2.5. Chemical Evolution This model tracks the abundances of 10 elements in both the central and reservoir regions of the ISM, as well as the elemental masses in the stellar component of every halo, in addition to the total mass of gas available for star formation and in the reservoir. The elements H, C, N, O, Mg, Ca, Ti, Fe, C, and Zn are followed. Tabulated yields from stellar evolution and nucleosynthesis simulations are used to determine the masses of each of these elements that are ejected from stars to the ISM, as well as the total ejected mass of gas.
Chemical enrichment in a Population III star-forming halo is treated differently than that in a chemically-enriched halo due to the different manner in which star formation is modeled in these different environments. All Population III stars are assumed to end their lives as Type II supernovae, at which point they return enriched material to the halo ISM, using yields from Heger & Woosley (2002) . The initial mass of each Population III star is randomly selected with equal probability from all masses, 30M to 100M , for which yields are available. A factor representing the Population III stellar multiplicity in each halo is adopted, and has a user-defined fiducial value of 1.2, motivated by the findings of Turk et al. (2009) which show fragmentation in the pre-stellar cloud, suggesting the possibility of the formation of Population III binary star systems. Gas and enriched material is returned to the halo in a quantity equal to the tabulated yields multiplied by the Population III multiplicity factor, treating the possibility of Population III binary star systems in a statistical manner.
The movement of chemical species between the central, reservoir, and stellar components of a halo is governed by a set of differential equations similar to Equations 5-7,
where Equation 12 describes the time evolution of the mass of species Z in the reservoir gas that is not forming stars, Equation 13 describes the same for the central region, and Equation 14 describes the evolution of the mass of species Z in the stellar component. The superscript Z denotes that the quantity is the mass of a chemical species, and is used to differentiate from the equation governing the evolution of the gas in Equations 5-7. M Z to res is the mass of species Z that moves from the central region to the reservoir region in a given integration timestep, and M Z lost is the mass ejected from the halo to the IGM. These two terms are determined by the number of supernovae that occur and the mass of gas and each chemical species ejected by supernovae in the halo during a given integration timestep. Gas and metals are instantaneously mixed within each ISM component.
The kinetic energy imparted to supernova products should give rise to preferential ejection of this material from the halo (Tumlinson 2010). The mass of gas ejected from the halo to the IGM by supernovae is determined by Equation 10. This quantity is used in conjunction with the mass of gas ejected to the ISM by supernovae to determine both the mass of each element ejected from the central region to the reservoir region, and from the halo entirely. Looking first at M Z to res , a mass of element Z produced in supernovae will reach the reservoir in proportion to the ratio of the mass of gas ejected to the reservoir to the total mass of gas ejected by supernovae,
This method is similarly used to determine the mass of each species ejected from the reservoir to the IGM,
Chemical feedback from stars in chemically-enriched halos is modeled differently than in Population III star-forming halos due to the differences in star formation methods. Each stellar age bin in a halo is treated as a "simple stellar population" of uniform metallicity and identical star formation time that will eject gas and chemically-enriched material as it ages. Time-dependent yield tables were created by convolving the yields from stellar evolution models with weightings from an adopted stellar initial mass function (IMF). Different version of these tables were created for Salpeter (Salpeter 1955) , Chabrier (Chabrier 2003) , and Kroupa (Kroupa 2002) IMFs at various metallicities. The three IMFs have functional forms
(17)
In the Chabrier IMF m c is the characteristic mass and takes a value of 0.079 M and the dispersion σ = 0.69 (Salpeter 1955; Kroupa 2002; Chabrier 2003) . The IMFs are all considered to be applicable in a mass range of 0.08 M to 260 M and are shown in Figure 1 . Tables were created following the yields from Type Ia supernovae (SNIa), Type II supernovae (SNII), and AGB stars. Additional tables were created to give the the rates of SNIa and SNII as a function of time since the formation of the simple stellar population. These tables were created for all three IMFs and for four different metallicities. The metallicity of the gas in the central star-forming region of each halo is examined at each integration timestep, and the appropriate yields are used. This enabled us to investigate the yields by selectively using or omitting various yield sets, such as requiring that all AGB yields be constrained to be those for a solar-metallicity population. Including yields that most closely reflect the metallicity of the stellar population should in principle result in the best agreement between our simulated metallicity distribution and those that are observed, but in practice this is not the case. The inclusion of sub-solarmetallicity yields is often less successful in matching observations than restricting yields to those from solar-metallicity sources (see Section 3 for a full discussion). Details of the creation of the yield tables are presented in Appendix A. At every integration timestep, the stellar metallicity in each halo is used to determine which yield set will be used for the stellar feedback. All of the stellar age bins use these tables to eject gas and chemically-enriched material into the ISM. The number of supernovae predicted to occur in the halo is determined, and the mass of gas thus ejected to the IGM is calculated using Equation 10. This is compared to the mass of gas ejected by supernovae to the ISM, and either Equation 15 or 16 is used to update the mass of all chemical species in the ISM, setting the composition of the next stars to form in this halo.
RESULTS
This model tracks the chemical evolution of 10 elements in all of the halos in a simulation: H, C, N, O, Mg, Ca, Ti, Fe, Co, and Zn. Comparison of the synthesized stellar metallicity distributions to observational data allows for the evaluation of our model, and to place constraints on the parameters we investigate. We compare our results to the limited set of elemental-abundance ratios ([Mg/Fe], [C/Fe]) determined for the large sample of low-resolution stellar spectra from the SEGUE database (Yanny et al. 2009 ), and to the much smaller sample of metal-poor stars with available high-resolution spectroscopic elemental-abundance ratios assembled by Frebel (2010) .
The Figure 3 with observational data from SEGUE (Yanny et al. 2009 ) and Frebel (2010) overplotted in green and blue, respectively. Data from these sources has been binned in 0.5 dex increments in [Fe/H] , with the stellar number weighted mean plotted as a horizontal bar, the 68% confidence interval shown as thick lines, and the minimum and maximum extents are shown as thin lines. These figures show the abundance distributions of the stellar mass produced by our model at z = 10, the redshift where our models are terminated. The central panel of these figures shows the massweighted abundance distribution of stellar material as a colored region (with red representing areas with larger numbers of stars), while the top and right panels are histograms of the abundance distribution of stellar mass for a single quantity of interest. It should be noted that the peaks of the histograms showing the distribution in individual abundances are not necessarily at the same values as the peak in the central panel, as the peak of the central panel corresponds to the most common pair of abundances. For example the most common combination of [Fe/H] 
and the implausibility value,
where the metallicity data has been binned in half dex increments in [Fe/H] . Bins that had no stellar material in them in either the observational or the simulated data were removed from both sets and not used in the comparison. red provides a measure of how well the mean metallicity values our model agrees with the mean values of the observational data, while the implausibility is a metric by which to assess the agreement of the simulated and observed metallicity distributions while accounting for their associated uncertainties. As the SEGUE selection function is more consistent and well-understood, it is used as the primary standard of comparison.
The results of the χ 2 red and implausibility value allow for the evaluation of model parameters in several ways. One approach is to see if there is a particular set of model parameters that best reproduce the metallicity distribution of a particular element across both of the available observational datasets. Similarly, it can be seen if there is a consistent set of parameters that best matches several abundances from an individual observational dataset. Taking these two methods in unison enables two other methods of comparison -the first is to determine if certain parameter values can be ruled out, and the second is to determine the parameter values that best reproduce the observed metallicity distributions.
In Table 2 . For both sets of observations, using only yields from solar-metallicity sources for our simple stellar population models, regardless of the metallicity of the population, provides a better agreement with the observations than when we use yields that include contributions from the available sub-solar-metallicity stellar nucleosynthesis calculations. Using a chemically-enriched star formation efficiency of 0.04 and a Lyman-Werner photon escape fraction of 1 also produce the highest level of agreement between simulation and observation in both cases. Turning to [C/Fe], the yields that best reproduce the observations include all available metallicities of supernovae, but only uses yields for AGB stars from a solar-metallicity population. Both observational datasets are best matched by models that use a Kroupa IMF and a Lyman-Werner photon escape fraction of 1. A chemically-enriched star formation efficiency of 0.008 minimizes χ 2 red for the SEGUE data, while a chemically-enriched star formation efficiency of 0.04 best matches the Frebel data and also minimizes the implausibility with the SEGUE data.
The common parameter values that best match the [C/Fe] and [Mg/Fe] distributions from the SEGUE dataset are a Kroupa IMF and a Lyman-Werner photon escape fraction of 1. The Frebel data is best replicated with a chemicallyenriched star formation efficiency of 0.04 and Lyman-Werner photon escape fraction of 1.
We note that a Chabrier IMF is highly disfavored by our model. All models using a Chabrier IMF consistently provided a worse fit to the observed metallicity distribution, both in χ 2 red and implausibility, than models using any of the other available IMFs. The closest that any model using a Chabrier IMF can come to matching the observational data is the [Mg/Fe] distribution from the Frebel dataset, with a χ 2 red that is 9% greater than the best fit of 0.0869, and an implausibility that is 21% greater than the best fit of 0.114. Taking the best fits to the observational data that can be achieved with a Chabrier IMF, the χ 2 red values are a factor of 1.5 larger than the best fit using a Kroupa or Salpeter IMF, and the implausibility is even worse, being an average of 1.6 times larger. Similar trends are seen with the highest values of the chemicallyenriched star formation efficiency, 0.2, being strongly disfavored, as well as models with a low Lyman-Werner photon escape fraction of either 0.01 or 0.1. Models with these parameters never succeed in providing the best fit to the observations. When evaluating the various yield sets, models that employ only solar-metallicity SNIa yields provide a much worse fits than yields that also include contributions from sub-solarmetallicity SNIa.
There are several parameters that provide the best fit to the observational data in the majority of cases. A Kroupa IMF is slightly favored over a Salpeter IMF, and strongly favored over a Chabrier IMF. In all cases, a Lyman-Werner photon escape fraction of 1 is best at replicating the observational data. The chemically-enriched star formation efficiency that is most successful at reproducing the observed abundance-ratio distributions is our canonical value of 0.04, which succeeds in minimizing χ 2 red and implausibility for 6 of the 8 observational comparisons shown in Table 2 . There is not a specific set of yields that stands out as being much more successful in matching the observations than all others, as the [Mg/Fe] distributions are best replicated when only yields from a solarmetallicity stellar population are used, and the [C/Fe] distributions are best matched with yields that include feedback from SNe progenitors of all metallicities while constraining AGB feedback to solar-metallicity populations.
Evaluating the success of various model parameters with χ 2 red and implausibility have several caveats that bear consideration. As can be seen in the top panel of Figures 2 and 3 , the selection functions of the SEGUE and Frebel datasets are very different, with the Frebel dataset being generally composed of more metal-poor stars than the SEGUE dataset. The discrepancy between the two observed [Fe/H] distributions (which, we note, is purely due to observational selection and not any inherent inconsistency between the datasets) makes a direct and simultaneous comparison to both datasets a difficult prospect. Additionally, not all model parameter sets produces stellar populations that extend over the same ranges in [Fe/H] . Some models will have fewer bins with which to compare to observations. We are restricted in our analysis to using only bins that have both model and observational data, and mitigate this difference by normalizing the χ 2 and implausibility values by the number of bins that are available for that model and observation pair. This set of abundances all have a metallicity distribution Figure 4 . This feature in the distribution originates from the initial enrichment of a halo by a Population III star where the yields drastically overproduce Fe in relation to the other elements. The establishes the abundances in this halo at the start of chemically-enriched star formation at levels far less than is observed. The parameter set shown in Figure 4 is a Chabrier IMF with a high chemically-enriched star formation efficiency of 0.2, a Lyman-Werner photon escape fraction of 1, and utilizes yields from solar-metallicity AGB stars and all metallicities of SNe progenitors. This set of parameters produces the best fit to the observational data, with χ Multiple abundances within each observational dataset can be fit simultaneously to determine the set of parameters that best reproduces a wide range of the observational data. The χ red is minimized by using only solar-metallicity AGB yields and all metallicities of supernova progenitors, while the implausibility is minimized by using yields from all metallicities of stars. The inclusion of all eight abundances available in the Frebel observational data changes this substantially. These abundances are collectively best fit with a high chemically-enriched star formation efficiency of 0.2, a Lyman-Werner photon escape fraction of 1, and yields from solar-metallicity AGB stars and all metallicities of supernova progenitors. χ The feedback from these SSPs is a function of the age of each population as well as its metallicity, and takes several forms. Photodissociating Lyman-Werner radiation is produced by the stellar component of each halo. Stars and supernovae return enriched material and a quantity of gas available for star formation to the ISM of the halo. Supernovae provide mechanical feedback that transports gas and enriched material between the central, star-forming region of the halo and the hot, diffuse reservoir in the outer regions, as well as allowing for material to be ejected from the halo entirely and lost to the IGM. Star formation is a function of the mass of cold, dense gas available in the halo, and the returned enriched material determines the metallicity of the new stars that form out of the gas.
Many of the processes in this model are coupled, resulting in feedback loops that act on both the halo locally and on the global halo population. The stellar component of all halos contribute to the photodissociating Lyman-Werner back- ground, which determines what halos are capable of forming a Population III star at any given time. This is coupled to the local state of the chemically-pristine halos though the ability of H 2 to self-shield in the presence of Lyman-Werner radiation, and the pristine halo cooling and collapse criteria is a function of the mass of the halo and the current redshift. Within each halo, the metallicity and density of the gas in the reservoir region determines the cooling time, and along with its mass of gas sets the rate at which gas is exchanged with the central star forming region. The mass of gas in the central region determines the rate at which new stars are formed. The metallicity of new stars is determined by the chemical composition of the gas from which they were formed. The age and metallicity of a stellar population determines the mass of gas and enriched material that will be returned to the ISM of the central region of the halo as well as the number of supernovae that occur during that timestep. These quantities determine the movement of gas and enriched material within the halo, as well as the amount of gas and metals that are ejected from the halo to the IGM. The multitude of coupled feedback mechanisms make this model substantially more physically representative of the processes occurring in galactic chemical evolution than simpler, one-zone models that treat halos in isolation, or the stellar component of a halo as single SSP.
This model has the added advantage of being able to be applied to any N-body simulation for which a halo merger tree can be constructed. Executing this model is much less computationally expensive that running the original simulation with the multiphysics capabilities that would be required to do similar analysis of the chemical evolution. This model benefits from the ability to post-process a simulation -it does not need to be implemented at simulation runtime, greatly enhancing its flexibility in regards to the computational facilities that can be used to probe chemical evolution. Running this model is computationally inexpensive (taking minutes to a few hours on a modern desktop computer), enabling the investigation of a wide region of parameter space while using minimal resources. The modular nature of the code makes it simple to include different sets of stellar yields and update them as new yields become available. Furthermore, the treatment of the stellar component of each halo as an ensemble of SSPs allows for the IMF to be varied independently of the yields, and one can introduce new variations such as time-or metallicity-dependent IMFs.
Comparison to Observations
Comparison to observational data is straightforward with this model. Datasets including substantial numbers of low-metallicity stars, such as the SEGUE spectroscopic dataset (Yanny et al. 2009 ) and the collection of stars with highresolution spectroscopy compiled by Frebel provide collections of stellar abundances in the ranges of interest to this work. This comparison does come with a significant caveat: this model stops at z = 10, and the available observational datasets are all for low redshift stars in dwarf galaxies and the galactic stellar halo. The low metallicities of these populations make them prime candidates for use in Galactic Archaeology, and suggest that their comparison to the high-redshift chemical evolution is valid. In addition, previous theoretical work suggests that stars at metallicities below [Fe/H] −1.5 almost exclusively come from z > 10 (Tumlinson 2010). We note that the estimated star formation rate (SFR) density provides an additional method for comparing the model predictions to observations, and that this method is complementary to comparisons of z = 0 stellar abundances. High-redshift observations (e.g., Bouwens et al. 2011 , Oesch et al. 2013 ) are providing constraints on the SFR density at z ≥ 10.
The parameters that are best at reproducing the observed [C/Fe] and [Mg/Fe] distributions are a Kroupa IMF and a chemically-enriched star formation efficiency of 0.04 or 0.008. This chemically-enriched star formation efficiency is generally consistent with the 1% efficiency of star formation per dynamical time observed in modern galaxies (Wong & Blitz 2002) . In terms of the yields used to create our SSPs, we find more varied results. Our model allows us to either use yields from stellar evolution and nucleosynthesis calculations at a range of metallicities, to use a single set of yields (typically from calculations assuming solar abundance levels) regardless of the metallicity of the gas, or some combination of these, depending on the stellar mass range of interest. We find that the results here are inconclusive -different sets of yields provide the best fit to observations depending on the exact set of observations chosen. However, the yields that most often succeed in replicating the data utilizes feedback using only solar-metallicity AGB yields, but allowing supernovae yields from our entire available range of progenitor metallicities. In all cases, solar-metallicity AGB yields are needed to sufficiently enrich the halos in the simulation, and in the majority of cases sub-solar-metallicity supernova feedback is needed as well.
One component of this issue is the nature of low-metallicity stellar yields from simulated AGB stars. These sources do not produce enough metals, in relation to the mass of hydrogen they return, to enrich the surrounding material to solar levels. This prevents the model from being able to utilize the yields for solar-metallicity stellar progenitors. A SSP of sub-solarmetallicity AGB stars evolved in isolation will never reach solar metallicity. Additional enrichment from SNe can help to bridge this gap in enrichment, but the low levels of enrichment from AGB stars substantially delays the buildup of heavy elements in an initially low-metallicity halo.
The necessity of sub-solar-metallicity SNIa owes more to kinetic than chemical feedback. The delay time prior to the onset of SNIa in a stellar population is a strong function of stellar metallicity, with a low-metallicity population having a substantially longer delay than a solar-or super-solarmetallicity population. By forcing the model to utilize only solar-metallicity SNIa feedback the delay time is reduced, and the kinetic feedback from SNIa eject enriched material from the halo. With a shortened delay time, this ejection of enriched material occurs while the halo is still at low metallicity, and provides an impediment to enrichment of the ISM.
The importance of including sub-solar-metallicity SNIa feedback is less the chemical products of these SNe, and more the absence of ejection of enriched material via SNIa, which allows for the ISM to be further enriched by other sources.
In the Frebel dataset, abundances in elements other than carbon and magnesium demonstrate behavior that shows a qualitative discrepancy between the observed and simulated abundance-ratio distributions. In most cases the simulated abundance-ratio distributions in [X/Fe] [Fe/H] , and the inability to replicate this abundance ratio while being able to successfully reproduce essentially all other abundance ratios indicates that the Ca yields available from stellar evolution and nucleosynthesis models may be inaccurate.
Using observations of the SFR density at high redshift provides an independent manner of evaluating the ability of a given set of model parameters to reproduce observations. Oesch et al. (2013) report a SFR density of 2.34 × 10 −4 − 1.23 × 10 −3 M yr −1 Mpc −3 at z ∼ 10. The model producing the combined abundance fits that minimize either χ 2 red or the implausibility that best agrees with these SFR constraints is a Kroupa IMF with a low chemically-enriched star formation efficiency of 0.08, a Lyman-Werner photon escape fraction of 1, and yields from solar-metallicity AGB stars and SNe progenitors of all metallicity. This model produces a SFR density at z = 10 of 3.29 × 10 −3 M yr −1 Mpc −3 . It should be noted that Oesch et al. (2013) determine the SFR density based only on what was observable, and are limited to objects brighter than M −17, potentially underestimating the SFR density in smaller objects. Additionally, our model may over-predict the SFR density by adopting a method that forms chemicallyenriched stars in any environment with a sufficient quantity of cold, dense gas. the abundance values that the chemically-enriched yields converge to, as can be see in Figure 4 . Subsequent generations of chemically-enriched star formation produce distinct tracks in metallicity space as the abundances in the halo converge towards the chemically-enriched yields, but these tracks are not observed in the Galactic stellar halo, indicating that these Population III yields are likely not accurate. We note, however, that the mass fraction of stars in our simulations that are contained within these tracks is extremely small, and thus it is entirely possible that we simply have not observed such stars yet.
Possible Constraints from Hydrodynamical Simulations
This work highlights several areas where model parameters can be constrained with results from high-resolution hydrodynamical simulations. Such simulations can help to elucidate the gas distribution in dark matter halos -for example, the fraction of gas that is cold and dense and thus available for star formation, as well as the radius in which this dense gas is contained, are aspects of this model that can be refined with the help of hydrodynamic simulations. Simulations of supernova feedback in simulated high-redshift galaxies (e.g., Wise et al. 2012) can also guide the refinement of the models dealing with metal and gas transport in the halos, as can simulations investigating the nature of accretion and halo mergers. High-resolution simulations using more sophisticated star formation algorithms can aid in the constraint of the chemicallyenriched star formation efficiency, one of the primary free parameters in the chemically-enriched star formation model used in this work. Furthermore, in our models we implicitly ignore any interactions between halos other than the H 2 -photodissociating Lyman-Werner background and halo mergers, which includes such effects as halo cross-pollution and ionizing regions around galaxies. While analytic estimates suggest that it is reasonable to ignore these effects, physicsrich cosmological simulations can test the validity of these assumptions.
Limitations and Future Work
A complete discussion of the limitations of the star formation model is presented in Paper I, but a brief recap of several salient points is given here. Interactions between halos are considered. Ionizing radiation is neglected, which is a reasonable assumption as the recombination rate scales as ρ 2 , where ρ is the density, which in turn scales with redshift as (1 + z) 3 . As a result, the recombination rate will scale as (1 + z) 6 . At the redshifts investigated in this model, halos would need to very close to one another for their ionized regions to impinge on neighboring halos. Additionally, material that is ejected from a halo does not interact with any surrounding halos. This material could conceivably be accreted by a nearby halo, but this is very unlikely, as chemically-enriched material ejected by a supernova will only extend to a radius of ∼ 1 kpc in 10 5 − 10 7 yrs (Bromm et al. 2003; Whalen et al. 2008) , and will have a negligible effect on nearby satellite minihalos (Whalen et al. 2010) . The role of ionizing radiation and SNe ejecta will be investigated in future work, but can be neglected here as the impact would not be global, and would have a minimal effect on the overall abundance-ratio distributions.
Our simulations stop at z = 10, which presents a potential caveat for comparison with observational data gathered at z = 0. This is a reasonable, as [Fe/H] < −1.5 stars almost exclusively come from z > 10 (Tumlinson 2010), enabling us to compare our simulations to the low-metallicity stellar halo. Future work will extend our models to z = 0 using highresolution cosmological N-body simulations, and will require further development of the model to include the effects of reionization, which are currently ignored as the model stops at sufficiently high redshift. Extending our simulations to z = 0 will enable comparisons with more and larger observational datasets, both those that are currently available (e.g., SEGUE) and those that will become available in the near future such as LAMOST (Ivezić et al. 2012) , APOGEE (Allende Prieto et al. 2008) , Gaia-ESO (Gilmore et al. 2012) , GALAH (Zucker et al. 2012) , and RAVE (Steinmetz 2003) .
We have incomplete coverage of stellar masses and metallicities in the available yields, and what coverage we do have is not self-consistent. Different models with different assumptions go into producing AGB, SNII, and SNIa yields since we employ abundances from different authors who have different codes, and who often only do near-solar and primordial compositions. The lack of low-metallicity yields (below approximately 0.1 Z ) is quite challenging. We are currently in the process of generating a self-consistent grid of yields using the MESA code (Paxton et al. 2011 (Paxton et al. , 2013 ) that will span the necessary range of masses and metallicities, and which will be used in future work.
Finally, future work will include better methods of comparing data to observations, and of analyzing the relationship between model inputs and observations. We are currently using simple metrics such as reduced χ 2 and a generic measure of implausibility, and small grids of models. However, more sophisticated techniques, such as Gaussian Multiprocess emulation coupled with Markov Chain Monte Carlo tools and ANOVA decomposition of our models, have been developed by our group for other purposes (Gómez et al. 2012 (Gómez et al. , 2013 , and will soon be applied to chemical evolution.
SUMMARY AND CONCLUSIONS
This work presents a new semi-analytical model of chemical evolution that can be applied to cosmological N-body simulations of large populations of high-redshift galaxies, and which can be compared directly to abundance measurements of the Milky Way stellar halo. Our model assumes that star formation occurring over a short period of time results in "simple stellar populations" having uniform metallicity and identical star formation time, and uses publiclyavailable abundance tables from simulations of AGB and Type Ia and Type II supernovae to calculate the feedback of metal-enriched gas and energy into the halo's interstellar medium. A single halo can be composed of many of these simple stellar populations with a range of ages, and its overall output at any point in time is the sum of the SSP outputs at that time. We consider a range of model inputs, including a halo's star formation efficiency, the escape fraction of H 2 -photodissociating Lyman-Werner photons, the choice of IMF fitting function, and the choice of nucleosynthetic abundances that are put into the SSPs. We compare our model outputs to two observational datasets -the SEGUE stellar sample (Yanny et al. 2009) , and also a sample of several hundred metal-poor stars with detailed abundances compiled by Frebel (2010 3. When observations of the SFR density at z ∼ 10 are considered (an observation that is independent of, and complementary to, measured z = 0 stellar abundances), the parameters that best reproduce both the observed abundance-ratio distribution functions and the SFR density are a Kroupa IMF, a low chemically enriched star formation efficiency of 0.008, a Lyman-Werner photon escape fraction of 1, and yields from solarmetallicity AGB stars and all metallicities of SNe progenitors.
4. The ability to match several abundances well, with some disagreement to various levels, suggests that there is a discrepancy between the theoretical stellar nucleosynthetic yields and the chemical feedback needed to enriched proto-galaxies to the observed abundances. Certain elements, such as calcium, cannot be brought into agreement with observation using the available yields and any combination of parameters in our model.
5.
Other features in the simulated abundance-ratio distributions indicate inaccuracies in the Population III stellar yields. Abundances in halos at the start of chemically enriched star formation are set by the yields of Population III stars, and in the cases of N, O, Ca, Ti, Co, and Zn, are drastically less than the observed abundances, suggesting that these elements are being underproduced in relation to Fe. Yields from sub-solarmetallicity AGB stars are also in doubt, as they are incapable of enriching the ISM to solar values. Either these yields are substantially underproducing iron in relation to hydrogen, or sub-solar-metallicity supernova progenitors are the necessary mechanism to supply significant iron to bridge the gap between sub-solar and solar metallicities in the ISM of halos actively forming chemically enriched stars.
More broadly, we have introduced a new model for the chemical evolution of galaxy populations that can be coupled to large N-body simulations, and thus has the capability to self-consistently provide both spatial and temporal information about star formation, chemical evolution, and other quantities relating to Milky Way progenitors. This model can be both qualitatively and quantitatively compared to the observed abundance distributions in large stellar surveys, and we have designed our model outputs so that it will be straightforward to couple the model to sophisticated statistical tools (e.g., Gómez et al. 2012 Gómez et al. , 2013 . These tools will enable detailed, quantitative comparison of models to both current and future observations of Milky Way stellar populations, and are particularly useful when dealing with multiple large datasets (such as combinations of many different observables).
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APPENDIX STELLAR YIELDS
Creation of the feedback tables was accomplished by convolving the yields of a grid of stellar evolution models with a stellar initial mass function (IMF) to create chemical and kinetic feedback tables for an integrated stellar population. These tables encapsulate information regarding feedback as a function of the time since formation of the stellar population, and assume that all stars are formed in accordance with the adopted IMF and the metallicity-dependent stellar lifetime. These tables can be applied to a single simple stellar population of a given age, and in the case of a halo that has experienced star formation in its past the tables can be used to determine the total amount of chemical and kinetic feedback by applying them separately to each stellar age bin in the halo. Separate tables were created for AGB and super-AGB stars, as well as for Type Ia and Type II supernovae. These tables were created using several metallicities. The modular nature of the yield tables allow for the investigation of the impact of individual sources, and the success or failure of yields for different stellar metallicities. Additionally, new yields can easily be integrated into the model and tested independently of the functionality of the rest of the code.
Yields of Asymptotic Giant-Branch Stars
Intermediate-mass stars are presumed to be the main producers of heavy s-process nuclides, and also contribute substantially to the yields of several other nuclides, most notably carbon and nitrogen, during their AGB phase (Siess 2007) . Karakas & Lattanzio (2007) and Karakas (2010) calculated detailed stellar models and post-processed nucleosynthetic data to produce AGB yields. Their models cover a range in mass from 1.0 M to 6 M and compositions Z = 0.02, 0.008, 0.004, and Z = 0.0001, where Z is the metal mass fraction. All models were evolved from the zero-age main sequence to near the tip of the thermally-pulsing AGB phase. Karakas (2010) used an updated set of proton-and α-capture rates, and assumed scaled-solar abundances for lowmetallicity models, rather than adopting the initial abundances of the Small and Large Magellanic Clouds as was done in Karakas & Lattanzio (2007) .
Super-AGB stars are defined by a specific mass range between the minimum mass for carbon ignition and the mass limit above which the star ignites neon at its center, and evolves through all nuclear burning stages up to an iron-core collapse supernovae (Siess 2007) . The mass range of super-AGB stars varies with metallicity, with a lower limit between 7.5 and 9 M , and an upper limit of approximately 11 M (Siess 2007 (Siess , 2010 . In Siess (2010) , yields are computed in a post-processing step, with initial mass ranges focused on covering the computationally demanding thermal pulses. The Siess (2010) model computes the evolution of convective-zone abundances, with instantaneous mixing of chemical species, and allows for different nuclear reaction rates and uncertainties within various spatial and temporal regions of the star. Due to these considerations, we use the yields of Karakas (2010) for AGB stars, in conjunction with yields from Siess (2010) for super-AGB stars.
Yields of Type II Supernovae Stars with a zero age main sequence mass of 8-40 M are expected to end their lives as Type II supernoave (SNII) (Heger et al. 2003) . The rate of SNII is in turn determined by calculating the main sequence lifetime of stars in this mass range using the mass-age relation of Raiteri et al. (1996) . These lifetimes, used in conjunction with an IMF, enable us to calculate the SNII rate as a function of time for a stellar population of a given mass. Kobayashi et al. (2006) calculated yields for stars of metallicity Z = 0, 0.001, 0.004, 0.02 and masses in the range 13 -40 M . Final yields are tuned to produce 0.07 M of ejected iron. Portinari et al. (1998) calculated a set of yields ranging for stars from 6-120 M with metallicities from Z = 0.0004 − 0.05 undergoing explosive nucleosynthesis. In Portinari et al. (1998) , supernovae are triggered by electron captures on heavy nuclei, photo-dissociation of iron into α-particles, and rapid neutralization of collapsing material. Our model utilizes a combination of yields from Kobayashi et al. (2006) for stellar masses 13-40 M , Portinari et al. (1998) for masses 40-120 M , and rates derived from Raiteri et al. (1996) .
Yields of Type Ia Supernovae
Thermonuclear supernovae are important contributors to the chemical enrichment of the ISM, primarily with iron-peak nuclei and some intermediate-mass nuclei. SNIa are usually modeled as explosions of white dwarfs that have approached the Chandrasekhar limit (M ch ∼ 1.39M ) through accretion from a companion in a binary system (Nomoto 1982) . Progenitor models are classified as either single degenerate, in which a white dwarf grows in mass due to accretion from an evolving binary companion, and double degenerate, in which two C-O white dwarfs merge. Our model uses yields from Iwamoto et al. (1999) , which are based on the progenitor model of Nomoto et al. (1997) and employs a single-degenerate scenario. The SNIa rates are from Kobayashi & Nomoto (2009) , which again uses a single-degenerate scenario for modeling the SNIa progenitor.
